INTRODUCTION
The unarmored dinoflagellate Gyrodinium aureolum was first described by Hulburt (1957) and has been considered a common bloom-forming species in temperate waters (Tangen 1977 , Potts & Edwards 1987 , Nielsen & Tønseth 1991 , Blasco et al. 1996 . concluded that the European isolates, which were formerly identified as Gyrodinium aureolum, Gyrodinium cf. aureolum, or Gymnodinium nagasakiense, were conspecific with the Japanese Gymnodinium mikimotoi, while an isolate from the Pettaquamscutt River, USA, was similar to the original description of Gyrodinium aureolum by Hulburt (1957) . Thus it was suggested that the former isolates be designated as Gymnodinium mikimotoi, while the latter was transferred to Gymnodinium aureolum . Meanwhile, Daugbjerg et al. (2000) reclassified the genera in the family Gymnodiniaceae on the basis of the shape of the apical groove, presence of nuclear chambers, presence of a nuclear fibrous connective (NFC), and types of pigments; species in the genera Gymnodinium have a horseshoeshaped apical groove, nuclear chambers, and an NFC, ABSTRACT: A bloom-forming dinoflagellate was isolated from coastal waters in western Korea during a red tide event in March 2008 and clonal cultures were established. The dinoflagellate was identified as Gymnodinium aureolum based on morphological and genetic analyses (GenBank accession no. FN392226). We report here for the first time that the red-tide dinoflagellate G. aureolum, which has previously been thought to be exclusively autotrophic, is a mixotrophic species. G. aureolum fed on algal prey using a peduncle. Among the algal prey provided, G. aureolum ingested heterotrophic bacteria, the cyanobacterium Synechococcus sp., and small algal species that had equivalent spherical diameters (ESDs) of ≤11.5 μm. However, it did not feed on larger algal species (ESD ≥12 μm) or the small diatom Skeletonema costatum. The specific growth rates for G. aureolum on the cryptophyte Teleaulax sp. increased continuously with increasing mean prey concentration before saturating at prey concentrations of ca. 190 ng C ml -1 (11 050 cells ml ) and 0.003 μl grazer -1 h -1 , respectively. The calculated in situ grazing coefficient for G. aureolum on co-occurring cryptophytes ranged up to 0.498 d while species in the genera Karenia have a linear apical groove and do not have nuclear chambers or an NFC. Thus Gymnodinium mikimotoi, suggested by Hansen et al. (2000) , came to be Karenia mikimotoi, while the name Gymnodinium aureolum was retained. Currently, it is easier to distinguish Gymnodinium aureolum from K. mikimotoi on the basis of morphology and genetic analyses. However, it is difficult to determine whether Gyrodinium aureolum isolates reported by researchers before Hansen et al. (2000) and Daugbjerg et al. (2000) were Gymnodinium aureolum or K. mikimotoi. An increasing number of taxonomic studies have been conducted on Gymnodinium aureolum strains isolated after the year 2000 (de Salas et al. 2003 , Bergholtz et al. 2006 , Tang et al. 2008 .
Recently, many dinoflagellates thought to be exclusively autotrophic have been shown to be mixotrophic (Stoecker 1999 , Jeong et al. 2004 , 2005c , Burkholder et al. 2008 . Mixotrophic species have been reported to consume a wide variety of prey items, including heterotrophic bacteria (Seong et al. 2006) , cyanobacteria (Jeong et al. 2005b , Glibert et al. 2009 ), nano-and microflagellates (Stoecker et al. 1997 , Li et al. 2000 , Berge et al. 2008 , other phototrophic dinoflagellates (Hansen & Nielsen 1997 , Jeong et al. 1999 , 2005c ,d, Skovgaard et al. 2000 , diatoms (Bockstahler & Coats 1993 , Yoo et al. 2009 ), and ciliates (Smalley et al. 1999 . The trophic mode of Gymnodinium aureolum (i.e. exclusively autotrophic or mixotrophic)
has not yet been investigated. This information is needed to understand the ecology and physiology of this dinoflagellate and may help determine the mechanism(s) controlling bloom formation.
During a 2008 red tide event on the west coast of Korea, we isolated and established a clonal culture of a dinoflagellate that morphological and genetic analysis revealed to be Gymnodinium aureolum (Hulburt 1957 , Tang et al. 2008 . Thus in the present study we report the morphological and genetic characteristics of this strain by generating phylogenetic trees on the basis of the sequences of LSU rDNA. Furthermore, we investigated the potential toxicity of the Korean strain of G. aureolum by performing a bioassay using the larvae of the brine shrimp Artemia salina. We investigated the ability of G. aureolum to feed on a diverse array of algal species and used high resolution video microscopy and transmission electron microscopy (TEM) to observe feeding behavior and determine the mechanism of prey ingestion. We also measured growth and ingestion rates for G. aureolum feeding on 6 algal species at a single prey concentration. In addition, growth and ingestion rates for G. aureolum feeding on the optimal algal species, the cryptophyte Teleaulax sp., were determined as a function of prey concentration.
In addition, we estimated the grazing coefficients attributable to G. aureolum on cryptophytes using the ingestion rate data obtained from the laboratory experiments and the abundances of predators and prey in the field. The results of the present study provide a basis for understanding the feeding mechanism and ecological roles of G. aureolum in marine planktonic food webs.
MATERIALS AND METHODS
Preparation of experimental organisms. Phytoplankton species were grown at 20°C in enriched f/2 seawater media (Guillard & Ryther 1962 ) under a continuous illumination of 20 μE m -2 s -1 provided by cool white fluorescent lights (Table 1 ). The mean (± SD) equivalent spherical diameter (ESD) was measured by an electronic particle counter (Coulter Multisizer II). The carbon content of phytoplankton was estimated from cell volume according to Strathmann (1967) .
Gymnodinium aureolum (GenBank accession no. FN392226) was isolated from plankton samples collected from waters off of Saemankeum, Korea, in March 2008 when the water temperature and salinity were 10.0°C and 30.5, respectively. The samples were screened gently through a 154 μm Nitex mesh and placed in 6 well tissue culture plates. A clonal culture of G. aureolum was established by 2 serial single cell isolations. As the concentration of G. aureolum increased, G. aureolum was subsequently transferred to 32, 270, and 500 ml polycarbonate (PC) bottles containing fresh f/2 seawater media. The bottles were again filled to capacity with freshly filtered seawater, capped, and placed on a shelf at 20°C under 20 μE m -2 s -1 illumination provided by cool white fluorescent lights under a 14:10 h light:dark cycle. The ESD of G. aureolum was 19.4 μm and its carbon content per cell was 0.44 ng C.
Morphology of Gymnodinium aureolum. The morphology of live cells and those preserved in 4% (v/v) glutaraldehyde were examined using an epifluorescence microscope (Axiovert 200M, Zeiss) . For scanning electron microscopy (SEM), a 20 ml aliquot of a dense culture of G. aureolum was fixed in osmium tetroxide (final concentration = 2% w/v) in seawater for 1.5 h. The fixed cells were collected on a PC membrane filter (pore size = 5 μm), without applying additional pressure and rinsed 3 times with distilled water to remove the salt. The sample was dehydrated in an ethanol series (10, 30, 50, 70, 90 , and 100% ethanol, followed by two 100% ethanol steps) and dried using a critical point dryer (BAL-TEC, CPD 300, Balzers). The dried filters were mounted on a stub and coated with goldpalladium. Cells were viewed using a field emission-scanning electron microscope (FE-SEM) (S-4800+EDS, Horiba; EX-250, Hitachi) and SEM (JSM-840A SEM, JEOL) and photographed using a digital camera (AxioCam HRc5, Zeiss). The length and width of live cells fed either Teleaulax sp. (previously an unidentified cryptophyte in Jeong et al. 2004 Jeong et al. , 2005c or starved for 2 d were measured using the digital camera.
For TEM, cells from a dense culture were transferred to a 50 ml tube and fixed in 2.5% (v/v) glutaraldehyde in culture medium. After 1.5 to 2 h, the entire contents of the tube were placed in a 50 ml centrifuge tube and concentrated at 1610 × g for 10 min in a Vision Centrifuge (VS-5500, Vision Scientific). A pellet from the tube was then transferred to a 1.5 ml tube and rinsed in 0.2 M sodium cacodylate at pH 7.4. After several rinses in the medium, the cells were post-fixed in 1% (w/v) osmium tetroxide in deionized water. The pellet was then embedded in 1% agar (w/v). Subsequently, the dehydrated pellet was accomplished using a graded ethanol series (50, 60, 70, 80, 90, and 100% ethanol, followed by two 100% ethanol steps). The material was embedded in Spurr's low-viscosity resin (Spurr 1969) , sectioned using an RMC MT-XL ultramicrotome (Boeckeler Instruments), and stained with 3% (w/v) aqueous uranyl acetate followed by lead citrate. The sections were observed using with a JEOL 1010 transmission electron microscope (JEOL).
DNA extraction, PCR amplification, sequencing, and data analysis. Approximately 20 ml of a dense culture of Gymnodinium aureolum was concentrated by centrifugation (1610 × g) for 5 to 10 min at room temperature, and the pellet was transferred to a 1.5 ml tube and resuspended in Tris-ethylenediaminetetraacetate (TE) buffer. Sodium dodecyl sulfate (final conc. = 0.5% w/v) and proteinase K (final conc. = 0.1 mg ml -1 ) were then added, and the mixture was incubated at 37°C for 1 h. DNA was extracted by adding 800 μl of phenol:chloroform: isoamyl alcohol (25:24:1) to the incubated material and the residual phenol was removed by adding 700 μl of chloroform:isoamyl alcohol (24:1). Extracted DNA was precipitated by adding isopropyl alcohol and washed in cold 70% ethanol. DNA yield was quantified by a spectrophotometer (ND-1000, NanoDrop Technologies). The extracted DNA was divided into 2 PCR tubes, and 2 independent PCR reactions were performed. SSU rDNA was amplified using eukaryotic primers (forward: 5'-AAC CTG GTT GAT CCT GCC AGT-3'; reverse: 5'-TGA TCC TTC TGC AGG TTC ACC TAC-3') and LSU rDNA was amplified using forward primer Dino 1500F (5'-GTT GTT GCG GTT AAA AAG C-3') and reverse primer LSUB (5'-ACG AAC GAT TTG CAC GTC AG-3'), following Medlin et al. (1988) . A 50 μl PCR was mixed with the following reactants: 1× PCR buffer with 1.5 mM MgCl 2 , 0.2 mM dNTP, 0.5 μM of each primer, 5U of Taq DNA polymerase (Bioneer), and 200 ng template DNA. PCRs were performed under the following conditions: 1 initial cycle of 3 min at 94°C, 40 cycles of 45 s at 95°C, 1 min at 55°C, 3 min at 72°C in series, and then 1 extension cycle at 72°C for 5 min in a GeneAmp PCR System 2700 (Perkin-Elmer). PCR products were cloned into the pCR ® 2.1-TOPO ® vector using the TA Cloning ® kit (Invitrogen). 12.1 ± 2.5 15 000-20 000 N Heterocapsa triquetra (T) 15.0 ± 4.3 15 000-20 000 N Scrippsiella trochoidea (T) 22.8 ± 2.7 10 000-20 000 N Cochlodinium polykrikoides (NT) 25.9 ± 2.9 1000-3000 N Prorocentrum micans (T) 26.6 ± 2.8 1000-3000 N Akashiwo sanguinea (NT) 30.8 ± 3.5 1000-3000 N Gonyaulax polygramma (T) 32.5 ± 5.4 1500-3000 N Alexandrium tamarense (T) 32.6 ± 2.7 1000-3000 N Lingulodinium polyedrum (T) 38.2 ± 3.6 1000-3000 N Table 1 . Taxa, sizes, and concentration of prey species offered as food to Gymnodinium aureolum in Expt 1. To confirm no ingestion by the predators on some prey species, additional higher prey concentrations were provided. Mean (± SD) equivalent spherical diameter (ESD) for algae and bacteria were measured by an electronic particle counter (Coulter Multisizer II) and under an epifluorescence microscope, respectively (n > 2000 for each algal species and n > 30 for each bacterium). Predator abundances for each target prey were 2000 to 5000 cells ml -1
. T: thecate; NT: non-thecate; Y/N: G. aureolum was observed/not observed to feed on a living food cell using the AccuPrep ® Plasmid Extraction kit (Bioneer). The presence of inserts in the plasmids was ascertained by adding EcoRI restriction endonuclease (Promega) sites into the extracted plasmids. To determine the sequence of the fragments within the inserts, the reverse primers Euk1209R (5'-GGG CAT CAC AGA CCT G-3') and ITSR2 (5'-TCC CTG TTC ATT CGC CAT TA-3') were used. SSU rDNA and LSU rDNA sequencing was performed using an ABI PRISM ® 3700 DNA Analyzer (Applied Biosystems). All the sequences were aligned using the ContigExpress alignment program (InforMax). Sequence availability and phylogenetic analysis. The sequence for the nuclear LSU rDNA was aligned manually in the Genetic Data Environment (GDE 2.2) program. For Bayesian analyses, we performed a likelihood ratio test using MODELTEST 3.7 (Posada & Crandall 1998) to determine the best available model for the LSU rDNA data ( Table 2 ). The selected models were a TrN + I + Γ model with a gamma correction for among-site rate variation (γ = 0.7138) and an invariant site model (I = 0.3033). Bayesian analyses were run using an MrBayes 3.1.1 version (Huelsenbeck & Ronquist 2001) . Four independent Markov chain Monte Carlo simulations were run simultaneously for 2 000 000 generations, and trees were sampled every 1000 generations; the first 800 trees were deleted to ensure that the likelihood had reached convergence. A consensus tree with 50% majority rule of the 1200 trees was obtained, while constructing trees thereby resulting in uniform Bayesian posterior probabilities (BPP) across all data sets.
Maximum likelihood phylogenetic analyses were performed using the RAxML 7.0.3 program (Stamatakis 2006) with the general time reversible (GTR) + Γ model. The # option of the program was used to identify the best tree from among 200 independent tree inferences. Bootstrap values were calculated using 1000 replicates using the same substitution model. Toxicity. To investigate potential toxicity of the Korean Gymnodinium aureolum strain, we conducted a bioassay using larvae of the brine shrimp Artemia salina.
Encysted eggs of Artemia salina were hatched in 500 ml of natural seawater under artificial light at 20°C for 48 h. Ten A. salina nauplii were placed in each well of a 6 well plate containing a Gymnodinium aureolum culture. Two densities of G. aureolum were tested, and initial concentrations were 4940 and 15 180 cells ml . At the beginning and after 6, 12, 24, and 48 h incubation, living and dead nauplii were counted under a dissecting microscope (SZX12, Olympus) at a magnification of 7 to 40×. Expt 1: Prey species. Expt 1 was designed to investigate whether or not Gymnodinium aureolum was able to feed on heterotrophic bacteria, and a variety of microalgal species (Table 1) . The initial concentrations of each algal species provided were similar in terms of carbon biomass. To confirm whether some of the algal species were not ingested by G. aureolum, we provided additional higher prey concentrations. Akashiwo sanguinea A dense culture of Gymnodinium aureolum growing photosynthetically in f/2 media under a 14:10 h light:dark cycle at 20 μE m -2 s -1 was transferred to one 1 l PC bottle containing f/2 medium. The culture was maintained in f/2 media for 2 d under the same conditions described above. Three 1 ml aliquots were then removed from the bottle and G. aureolum densities were determined with a compound light microscope.
For observation of heterotrophic bacterial prey, 1 d prior to Expt 1, the bacterial cells that originated from a non-axenic culture of Gymnodinium aureolum were fluorescently labeled using the methods described by Sherr et al. (1987) . The fluorescently labeled bacteria (FLB) were added to each of the three 80 ml PC bottles (final conc. = ca. 7 × 10 6 cells ml . Triplicate 80 ml PC experimental bottles (containing mixtures of predator and prey) and triplicate predator control bottles (predators only) were also established. The bottles were filled to capacity with freshly filtered seawater, capped, placed on a vertically rotating plate rotating at 0.9 rpm, and incubated at 20°C at a light intensity of 20 μE m -2 s -1
. After 5, 10, 30, and 60 min and 4 h, a 5 ml aliquot was removed from each bottle and fixed in formalin (final conc. = 3%). The fixed samples were stained with DAPI (final conc. = 1 μM) and filtered onto 5 μm pore-sized PC black membrane filters. Ingested FLB inside G. aureolum cells were observed under an epifluorescence microscope (Axiovert 200M, Zeiss) with blue light excitation at a magnification of 1000×; G. aureolum cells containing ingested FLB cells were photographed using a digital camera (AxioCam MRc5, Zeiss).
When Synechococcus sp. was used as the prey, the initial concentrations of Gymnodinium aureolum (ca. 2000 cells ml -1 ) and Synechococcus sp. (ca. 7 × 10 6 cells ml -1 ) were established using an autopipette to deliver a predetermined volume of culture with a known cell density to the experimental bottles. Triplicate 80 ml PC experimental bottles and triplicate predator control bottles were set up at a single prey concentration. The bottles were incubated and a 5 ml aliquot was removed from each bottle and fixed at the intervals described in the previous paragraph. The fixed aliquots were filtered onto 5 μm pore-sized, 25 mm PC black membrane filters, and the concentrated cells on the membranes were then observed under the epifluorescence microscope with green light excitation at a magnification of 1000× to determine whether or not the predator was able to feed on Synechococcus sp. G. aureolum cells containing ingested Synechococcus sp. cells were photographed using the digital camera on the microscope with green light excitation at a magnification of 1000×.
To observe the ingestion of eukaryotic algal prey under a light microscope and/or an epifluorescence microscope, the initial concentrations of Gymnodinium aureolum and each target algal species were established as described in the previous paragraph. Triplicate 80 ml PC experimental bottles and duplicate predator control bottles were set up for each target algal species. The bottles were filled to capacity with freshly filtered seawater, capped, placed on a vertically rotating plate rotating at 0.9 rpm, and incubated at 20°C under a 14:10 h light:dark cycle of cool white fluorescent light at 20 μE m -2 s -1
. After 6, 12, 24, and 48 h incubation, a 5 ml aliquot was removed from each bottle and transferred into a 20 ml bottle. Two 0.10 ml aliquots were placed on slides with cover-glasses. Under these conditions, the G. aureolum cells were alive, but almost motionless. The protoplasms of > 200 G. aureolum cells were carefully examined using a light microscope and/or the epifluorescence microscope at a magnification of 100 to 400× to determine whether G. aureolum was able to feed on the target algal prey species; G. aureolum cells containing the ingested cells of each target algal species were photographed using digital cameras on these microscopes at a magnification of 400 to 1000×.
Ingestion of eukaryotic algal prey also was examined using TEM. Approximately 8.1 × 10 6 to 2.7 × 10 7 cells of each target algal species (Isochrysis galbana, Teleaulax sp. [previously an unidentified cryptophyte in Jeong et al. 2004 Jeong et al. , 2005c , Heterocapsa rotundata, Rhodomonas salina, Heterosigma akashiwo, and Amphidinium carterae) were added to each of three 270 ml PC bottles (final conc. = 30 000 to 100 000 cells ml -1 ); each contained Gymnodinium aureolum at a concentration of 2000 to 5000 cells ml -1 . One 'target prey only' control bottle and one G. aureolum control bottle (without added prey) were also set up for each experiment. The bottles were placed on a vertically rotating plate rotating at 0.9 rpm and incubated at 20°C under a 14:10 h light:dark cycle of cool white fluorescent light at 20 μE m -2 s -1
. At the beginning, and after 2 d incubation periods, the contents of one experimental bottle from each interval were distributed into five 50 ml centrifugal tubes and then concentrated at 1610 × g for 10 min. Five pellets from the 5 centrifugal tubes were then transferred into 1.5 ml tubes and fixed for 1.5 h in 4% (w/v) glutaraldehyde in a culture medium. Next, the fixative was removed and the pellets were rinsed, post-fixed, and embedded as described in 'Morphology and rDNA sequence'. Dehydration was accomplished using a graded ethanol series and the material was embedded as described above. Sections were obtained using the RMC MT-XL ultramicrotome, post-stained, and the stained sections were viewed as described above.
Expt 2: Feeding mechanism. Expt 2 was designed to investigate the feeding mechanism(s) of Gymnodinium aureolum when provided a unialgal diet of Isochrysis galbana, Teleaulax sp., Heterocapsa rotundata, Rhodomonas salina, Heterosigma akashiwo, and Amphidinium carterae. It was confirmed in Expt 1 that G. aureolum fed on these prey species. The initial concentrations of the predator and prey were the same as in Expt 1.
The initial concentrations of Gymnodinium aureolum and the target algal species were established using an autopipette to deliver a predetermined volume of culture with a known cell density to the experimental bottles. One 80 ml PC bottle (mixtures of G. aureolum and algal prey) was set up for each target algal species. The bottle was filled to capacity with freshly filtered seawater, capped, and then mixed well. After 1 min of incubation, a 1 ml aliquot was removed from the bottle and transferred into a Sedgwick-Rafter chamber (SRC). For each target prey species, the feeding behavior of > 60 G. aureolum cells was monitored using a light microscope and/or an epifluorescence microscope at a magnification of 100 to 630×. All of the feeding processes were observed from the time a prey cell was captured to the time that it was ingested by the predator. A series of photographs showing the feeding process for a G. aureolum cell were taken using a video analyzing system (Sony DXC-C33) mounted on an epifluorescence microscope at a magnification of 100 to 630×. After Teleaulax sp. was provided to G. aureolum as prey, the time to be completely ingested by a G. aureolum cell after the predator had deployed its peduncle to the prey cell was measured.
Expt 3: Comparison of growth and ingestion rates at a single prey concentration. Expt 3 was designed to compare the growth and ingestion rates of Gymnodinium aureolum when the mixotrophic dinoflagellates Amphidinium carterae and Heterocapsa rotundata, the raphidophyte Heterosigma akashiwo, the cryptophytes Rhodomonas salina and Teleaulax sp., and the prymnesiophyte Isochrysis galbana were provided at a single prey concentration (see Table 3 ). It was confirmed in Expt 1 that these prey species were consumed by G. aureolum.
A dense culture of Gymnodinium aureolum growing photosynthetically under a 14:10 h light:dark cycle at 20 μE m -2 s -1 in f/2 medium was transferred to a 1 l PC bottle. Three 1 ml aliquots from the bottle were counted using a compound microscope to determine the cell concentrations of G. aureolum, and the cultures were then used for further experiments.
The initial concentrations of Gymnodinium aureolum and each target prey were established using an autopipette to deliver predetermined volumes of known cell concentrations to the bottles. Triplicate 42 ml PC experimental bottles (containing mixtures of predator and prey), triplicate prey control bottles (prey only), and triplicate predator control bottles (predators only) were set up for each target prey species. To ensure similar experimental conditions, the water from a G. aureolum culture was filtered through a 0.7 μm GF/F filter and added to the prey control bottles in the same amount as the volume of the predator culture added to the experiment bottles for each predator-prey combination. Next, 5 ml of f/2 medium was added to all the bottles, which were then filled to capacity with freshly filtered seawater and capped. To determine the actual predator and prey concentrations at the beginning of the experiment and after 2 d for the algal prey, a 5 ml aliquot was removed from each bottle and fixed with 5% Lugol's solution, and all or > 300 predator and prey cells in three 1 ml SRCs were enumerated. Prior to taking subsamples, the condition of G. aureolum and its prey was assessed using a dissecting microscope. The bottles were filled again to capacity with freshly filtered seawater, capped, placed on a rotating wheel at 0.9 rpm, and incubated at 20°C under a 14:10 h light:dark cycle of cool white fluorescent light at 20 μE m -2 s -1
. The dilution of the cultures associated with refilling the bottles was considered in calculating the growth and ingestion rates.
The specific growth rate of Gymnodinium aureolum,
), was calculated as follows: (1) where G 0 is the initial concentration of G. aureolum and G t is the final concentration after time t (t = 2 d).
The ingestion and clearance rates were calculated using the equations of Frost (1972) and Heinbokel (1978) . The incubation times for calculating the ingestion and clearance rates were the same as those for estimating the growth rate.
Expt 4: Effects of prey concentration. Expt 4 was designed to investigate the effects of prey concentration on the growth and ingestion rate of Gymnodinium aureolum. We measured the growth, ingestion, and clearance rates of G. aureolum on Teleaulax sp. (carbon content per cell = 0.017 ng C) as a function of prey concentration.
A dense culture of Gymnodinium aureolum growing photosynthetically under a 14:10 h light:dark cycle at 20 μE m -2 s -1 in f/2 medium was transferred into a 1 l PC bottle. Three 1 ml aliquots were counted using a compound microscope to determine the cell concentrations of G. aureolum in each bottle, and the cultures were then used to conduct experiments.
The initial concentrations of Gymnodinium aureolum and Teleaulax sp. were established as described in Expt 3. Triplicate 42 ml PC experimental bottles
(containing mixtures of predator and prey), triplicate prey control bottles (prey only), and triplicate predator control bottles (predators only) were set up for each predator-prey combination. To ensure uniform water conditions, we used the same procedure that was used in Expt 3. Next, 5 ml of f/2 medium was added to all the bottles, which were then filled to capacity with freshly filtered seawater and capped. To determine the actual initial predator and prey densities (cells ml -1
) at the beginning of the experiment and after a 2 d incubation, 5 ml aliquots were removed from each bottle and fixed with 5% Lugol's solution, and all G. aureolum cells and all or > 300 prey cells in three 1 ml SRCs were enumerated. Prior to taking subsamples, the condition of G. aureolum and its prey was assessed under a dissecting microscope. The bottles were filled again to capacity with f/2 medium, capped, placed on a vertically rotating plate rotating at 0.9 rpm, and incubated at 20°C under a 14 h light:10 h dark cycle at 20 μE m -2 s -1 of cool white fluorescent light. The light intensity of 20 μE m -2 s -1 was used to enable comparisons of growth and ingestion rates for several other mixotrophic dinoflagellates under the same conditions (summarized by Burkholder et al. 2008) . The dilution of the cultures associated with refilling the bottles was taken into consideration in calculating the growth and ingestion rates.
), was calculated as described above. Ingestion and clearance rates for 2 d were calculated using the equations of Frost (1972) and Heinbokel (1978) . Ingestion rate data were fitted to a Michaelis-Menten equation as follows: (2) where I max is the maximum ingestion rate (cells preda-
); X is the prey concentration (cells ml -1 or ng C ml -1 ), and K IR is the prey concentration sustaining 1 ⁄ 2 I max .
Potential grazing impact. By combining field data on the abundances of the predator and the target prey with the ingestion rates of the predator on the prey obtained in the present study, we estimated the grazing coefficients attributable to Gymnodinium aureolum on co-occurring cryptophytes. Data on the abundances of G. aureolum and the co-occurring cryptophytes used in this estimate were obtained by analyzing water samples taken from waters off Saemankeum, Korea, in 2006 Korea, in -2008 The grazing coefficients (g, d
-1
) were calculated using the following formula:
where CR (ml predator -1 h -1
) is the clearance rate of Gymnodinium aureolum on a target prey species at a given prey concentration and G is the predator concentration (cells ml -1 ). The CR values were calculated as follows:
where IR (cells eaten predator
) is the ingestion rate of G. aureolum on the target prey and X (cells ml -1 ) is the prey concentration. These CR values were corrected using Q 10 = 2.8 ) because the in situ water temperature and the temperature used in the laboratory for this experiment (20°C) were sometimes different.
Swimming speed. A dense culture (ca. 15 000 cells ml -1 ) of Gymnodinium aureolum growing photosynthetically under a 14:10 h light:dark cycle at 20 μE m -2 s -1 in f/2 medium was transferred into a 500 ml PC bottle. An aliquot from the bottle was added to a 50 ml cell culture flask and allowed to acclimate for 30 min. The video camera was focused on a field (i.e. observed as 1 circle) in a cell culture flask under a dissecting microscope at 20°C and swimming G. aureolum cells were recorded at a magnification of 50× using a video analyzing system (SV-C660, Samsung) and captured using a CCD camera (KP-D20BU, Hitachi). The mean and maximum swimming velocities were analyzed for all swimming cells observed in the first 10 min. The average swimming speed was calculated on the basis of the linear displacement of cells in 1 s during singleframe playback. The swimming speeds of 30 cells were measured.
Statistical analyses. To determine whether the mean of cell length or width of live cells growing photosynthetically was significantly greater than that of live cells feeding on Teleaulax sp., a t-test was performed. In addition, a t-test was used to determine whether the growth rate (mixotrophic growth) of Gymnodinium aureolum on algal prey was significantly different from that without added prey (autotrophic growth) at the same conditions. ANOVA was used to determine if there were differences in the growth and ingestion rates of Gymnodinium aureolum on 6 edible prey species at a single prey concentration. In addition, a linear regression was used to test whether the growth and ingestion rates of Gymnodinium aureolum on the 6 edible prey species were significantly correlated with prey size.
RESULTS

Morphology and rDNA sequence
The epicone of this Korean strain of Gymnodinium aureolum is somewhat conical and slightly smaller than the hemispherical hypocone (Fig. 1A,B) . This
G. aureolum had a horseshoe-shaped apical groove on the epicone (Fig. 1C-F ). In addition, there was a distinctive sulcul extension invading the epicone (Fig. 1A,D) . The cingulum of this dinoflagellate was 0.16 to 0.26 times the cell length and was displaced by 0.25 to 0.33 times the cell length (Fig. 1) . The mean (± SE, range, n) cell length of live cells growing photosynthetically (21.3 ± 0.5 μm, 18.0 to 28.4 μm, 32) was significantly greater than that of live cells feeding on Teleaulax sp. (19.8 ± 0.6 μm, 14.7 to 27.9 μm, 32; 1-tailed t-test, p < 0.01), while the mean cell width of live cells growing photosynthetically (15.2 ± 0.5 μm, 11.6 to 21.2 μm, 32) was not significantly greater than that of live cells feeding on Teleaulax sp. (15.6 ± 0.6 μm, 11.9 to 22.9 μm, 3; 1-tailed t-test, p > 0.1). The sequence of SSU, ITS1 and 2, 5.8S, and LSU rDNA (total of 3300 bp) of this Korean strain of Gymnodinium aureolum was very similar (difference of 5 bp) to that of a strain of G. aureolum isolated from the Benguela Current waters off Namibia (GenBank accession no. AY999082). The LSU rDNA of this dinoflagellate was the same as a G. aureolum isolate from a tributary of Chesapeake Bay, USA (DQ917486) and very similar (difference of 1 to 3 bp) to that of G. aureolum isolated from Denmark (AF200671), Australia (AY263695), New Zealand (AY947659, AY947660, and AY947661), South Africa (AY464687), and the Pettaquamscutt River, USA (AF200670). The phylogenetic trees based on the sequences of LSU rDNA of dinoflagellates show that this dinoflagellate belongs to the G. aureolum clade and is distant from the Karenia mikimotoi clade (Fig. 2) . Based on morphological and molecular analyses, this dinoflagellate is G. aureolum.
Toxicity
None of the nauplii of Artemia salina at the Gymnodinium aureolum concentrations of 4940 and 15 180 cells ml -1 died after 48 h incubation.
Expt 1: prey species
Among the diverse prey provided, Gymnodinium aureolum ingested heterotrophic bacteria, cyanobacteria (Fig. 3A,B) , and algal species that had ESDs ≤11.5 μm (e.g. Isochrysis galbana, Teleaulax sp., Rhodomonas salina, Heterosigma akashiwo, Heterocapsa rotundata, and Amphidinium carterae), except the diatom Skeletonema costatum (Table 1) . TEM photographs, taken before and after edible algal prey was provided, clearly showed that G. aureolum contained ingested algal prey cells inside its protoplasm (Fig. 3C-I 
Expt 2: feeding mechanism
Gymnodinium aureolum attached to individual prey cells with a tow filament and ingested entire prey cells through a peduncle (Fig. 4) . The tow filament was 2 to 7 μm in length before the peduncle was deployed. The time (mean ± SE, n = 3) between the deployment of a tow filament and a peduncle was 27 ± 7 s for Teleaulax sp. Prey were transferred into the predator cell through the peduncle. For G. aureolum feeding on Teleaulax sp., the time from deployment of the peduncle to complete ingestion of the prey cell was 268 ± 54 s. Up to 2 to 3 G. aureolum cells were observed simultaneously attached to a single prey cell.
The other edible prey species tested in the present study were ingested by a Gymnodinium aureolum cell in the same manner as the Teleaulax sp. prey.
Expt 3: comparison of growth and ingestion rates at a single prey concentration
We measured the growth and ingestion rates of Gymnodinium aureolum on 6 edible prey species at a single prey concentration (Table 3) . When the mean prey concentration was ca. 1450 to 2000 ng C ml ; autototrophic growth; 1-tailed t-test, p < 0.05 for I. galbana and A. carterae and p < 0.01 for all others). However, the mixotrophic growth rates of G. aureolum on these 6 algal prey species were not significantly different (ANOVA, p > 0.1).
The ingestion rates of Gymnodinium aureolum on the algal prey were 0.068 ng C grazer -1 d -1 for Heterocapsa rotundata, 0.057 ng C grazer for Heterosigma akashiwo, and 0.021 ng C grazer -1 d -1 for Rhodomonas salina. However, the ingestion rates of G. aureolum on these 6 algal prey species were not significantly different (ANOVA, p > 0.1).
Both growth and ingestion rates of Gymnodinium aureolum on the 6 edi- ) (mean ± SE, n = 3) of G. aureolum on cryptophytes (CR), dinoflagellates (DN), prymnesiphytes (PR), and raphidophytes (RA) at single mean prey concentrations (MPC, ng C ml Fig. 5A, B) . Moreover, the growth rates of G. aureolum on the 6 edible prey were not significantly correlated with their ingestion rates (p > 0.1; Fig. 5C ).
Expt 4: effects of prey concentration
The specific growth rates of Gymnodinium aureolum increased rapidly with increasing mean prey concentration before saturating at a Teleaulax sp. concentration of ca. 190 ng C ml -1 (11 050 cells ml -1 ) (Fig. 6) . At the given prey concentrations, the highest specific growth rate (mixotrophic growth) of G. aureolum on Teleaulax sp. at 20°C under a 14 h light:10 h dark cycle at 20 μE m -2 s -1 (0.169 d -1
, n = 3) was significantly higher than its growth rate (autotrophic growth) under the same light conditions without added prey (0.120 d -1 , n = 21; 1-tailed t-test, p < 0.01). The ingestion rates of Gymnodinium aureolum feeding on Teleaulax sp. increased rapidly with increasing mean prey concentration before saturating at a Teleaulax sp. concentration of ca. 820 ng C ml -1 (48 400 cells ml -1 ) (Fig. 7) . At the given prey concentrations, the highest ingestion rate of G. aureolum on Teleaulax sp. was 0.047 ng C grazer -1 d -1 (2.8 cells grazer
). When the data were fitted to Eq. (2), the maximum ingestion rate of G. aureolum on Teleaulax sp. was 0.058 ng C grazer 
Potential grazing impact
The grazing coefficient attributable to Gymnodinium aureolum on co-occurring cryptophytes in the waters off Saemankeum, Korea in 2006 , when the abundances of cryptophytes and G. aureolum were 1 to 4270 cells ml -1 and 14 to 4425 cells ml -1 , respectively, ranged from 0.001 to 0.498 d -1 (Fig. 8) .
Swimming speed
The swimming speed of Gymnodinium aureolum starved for 1 to 2 d was 200 to 576 μm s -1 (mean ± SE = 394 ± 16 μm s -1 , n = 30).
DISCUSSION
Gymnodinium aureolum isolated from Korean waters
This is the first study on the occurrence of red tides dominated by Gymnodinium aureolum in Korean waters since the confusion regarding the taxonomy of G. aureolum and Karenia mikimotoi was resolved in 2000 . The morphology of this Korean strain of G. aureolum was very similar to that of G. aureolum described by Hansen et al. (2000) , Daugbjerg et al. (2000) , and Tang et al. (2008) . Cell length and width of live cells of this Korean strain growing photosynthetically (18.0 to 28.4 and 11.6 to 21.2 μm, respectively) were similar to the ranges of the strains isolated from a tributary of Chesapeake Bay, Pettaquamscutt River, and small embayments in the Woods Hole area in Massachusetts, USA (14 to 47 and 11 to 43 μm; summarized by Tang et al. 2008) . In addition, the sequences of rDNA of this Korean strain were the same or very similar to those of strains of G. aureolum isolated from a tributary of Chesapeake Bay, USA (Tang et al. 2008) ; the Pettaquamscutt River, USA ; the Benguela Current waters off Namibia; and the waters off Denmark , Australia (de Salas et al. 2003), and New Zealand (de Salas et al. 2005) . Therefore, this Korean strain of G. aureolum was confirmed to be conspecific with strains isolated from the waters of other countries, indicating that G. aureolum has a worldwide distribution with very low variation in rDNA sequence (1 to 5 bp difference).
Toxicity
Institutions in several countries have established monitoring programs for species known to form red tides (e.g. the National Fisheries Research and Development Institution, www.nfrdi.re.kr/en, and the Florida Fish and Wildlife Conservation Commission, www.redtideonline.com). During blooms of toxic redtide species, harvesting of shellfish or finfish is not permitted; however, fisheries remain open for harvest if blooms of non-toxic species occur. Therefore, determining whether a bloom species is a toxin producer is critical for the management of fisheries impacted by harmful algal blooms. The results of the present study indicate that the Korean strain of Gymnodinium aureolum is not toxic. However, a morphologically similar dinoflagellate, Karenia mikimotoi, is a known toxin producer (Gill & Harris 1987 , Hansen 1995 , Smolowitz & Shumway 1997 , and accurate differentiation between these species is important.
Prey species and feeding mechanism
The present study is the first to reveal that Gymnodinium aureolum is a mixotrophic dinoflagellate. Thus mixotrophy in G. aureolum should be considered in exploring the outbreak, persistence, and decline of red tides dominated by this species. G. aureolum is able to feed on heterotrophic bacteria, Synechococcus sp., and algal prey with an ESD of ≤11.5 μm, except the diatom Skeletonema costatum. The algal species that G. aureolum was able to feed on in the present study are similar to that of the mixotrophic dinoflagellates Cochlodinium polykrikoides, Gymnodinium impudicum, and Prorocentrum minimum, which engulf prey cells through the sulcus or suture (Jeong et al. 2004 (Jeong et al. , 2005c and the newly described mixotrophic dinoflagellate Paragymnodinium shiwhaense, which feeds on prey cells using a peduncle (Yoo et al. 2010) . If G. aureolum and these mixotrophic dinoflagellates co-occur, there may be competition for common algal prey species, regardless of the size (ESD = 12 to 26 μm), maximum swimming speed (190 to 1450 μm s -1 ), and feeding mechanisms of these dinoflagellates (Jeong et al. 1999 (Jeong et al. , 2005c .
Gymnodinium aureolum ingested algal prey using a peduncle. Although the presence of a peduncle structure previously has been reported for G. aureolum (Hansen 2001) , the present study is the first to observe the use of the peduncle for ingestion of prey cells. The mixotrophic dinoflagellates Paragymnodinium shiwhaense and Karlodinium armiger and the heterotrophic dinoflagellates Pfiesteria piscicida, Pfiesteria shumwayae, Stoeckeria algicida, and Luciella masanensis also feed on algal prey using a peduncle (Burkholder & Glasgow 1997 , Jeong et al. 2005a , 2006 , Berge et al. 2008 , Yoo et al. 2010 . Therefore, the use of the peduncle among mixotrophic and heterotrophic dinoflagellates with a cell length of 10 to 30 μm appears to be relatively common. Peduncle feeders generally are able to feed on larger prey than engulfment feeders of a similar size. Therefore, the peduncle enables small dinoflagellates to feed on prey species with a wider size range compared to similar-sized engulfment-feeding dinoflagellates.
Like Karlodinium armiger and Paragymnodinium shiwhaense, Gymnodinium aureolum did not feed on Skeletonema costatum, whereas Pfiesteria piscicida and Luciella masanensis are known to feed on this diatom , Berge et al. 2008 , Yoo et al. 2010 . These peduncle-feeding mixotrophic dinoflagellates do not seem to have peduncles that are strong enough to penetrate the frustules of the diatom, while the peduncle-feeding heterotrophic dinoflagellates seem to have strong peduncles. However, many engulfment-feeding mixotrophic dinoflagellates with ESDs ≥5.8 μm are able to feed on S. costatum (Yoo et al. 2009) . Therefore, in feeding by mixotrophic dinoflagellates on the diatom, engulfment-feeding seems to be more effective than peduncle-feeding.
Comparison of growth and ingestion rates
When the mean prey concentration was similar, the growth rate (mixotrophic growth) of Gymnodinium aureolum on Isochrysis galbana, Teleaulax sp., Heterocapsa rotundata, Rhodomonas salina, Amphidinium carterae, or Heterosigma akashiwo was significantly higher than that without the added prey (autotrophic growth). This evidence suggests that phagotrophy in G. aureolum clearly increases its growth rate. However, the mixotrophic growth rates and ingestion rates of G. aureolum on these 6 algal prey species were not significantly different. Therefore, it can be speculated that G. aureolum may not have preferences for a particular prey species. Unlike with G. aureolum, I. galbana and H. rotundata did not support positive growth (-0.148 to -0.158 d -1 ) of another peduncle-feeding mixotrophic dinoflagellate Paragymnodinium shiwhaense, even though P. shiwhaense ingested I. galbana and H. rotundata (Yoo et al. 2010) . Thus G. aureolum may outgrow P. shiwhaense when I. galbana and H. rotundata are abundant in natural environments.
Effects of prey concentration
Both the growth and ingestion rates of Gymnodinium aureolum feeding on a unialgal diet of Teleaulax sp. were affected by the prey concentration. The mean prey concentration at which the growth rate (mixotrophic growth) of G. aureolum on Teleaulax sp. ) was comparable to that for Heterocapsa triquetra (110 ng C ml -1 ) and Prorocentrum donghaiense (190 ng C ml -1 ) on the same prey under the same conditions, while it was considerably lower than that for P. micans (430 ng C ml -1 ) and Gonyaulax polygramma (600 ng C ml -1 ) (Jeong et al. 2005c,d) . All of these dinoflagellates co-occur sometimes in coastal waters (e.g. Marshall 1980 , Jacobson 1987 , Yoo et al. 2002 ). This evidence suggests that, if Teleaulax sp. is abundant and these mixotrophic dinoflagellates co-occur, G. aureolum may be outcompeted by these mixotrophic dinoflagellates. At the light intensity of 20 μE m -2 s -1 , the ratio of mixotrophic growth relative to autotrophic growth of G. aureolum (1.4 to 1.5) was similar to that of P. donghaiense (1.4) and Heterocapsa triquetra (1.5), but lower than that of the other mixotrophic dinoflagellates (1.9 to >10) (Fig. 9B ). This evidence suggests that phagotrophy in G. aureolum may contribute less to gaining energy than photosynthesis compared to the other mixotrophic dinoflagellates (except P. donghaiense and H. triquetra).
The highest or maximum ingestion rate of Gymnodinium aureolum on Teleaulax sp. obtained in the present study (0.043 to 0.058 ng C grazer -1 d -1 ) was higher than that of Prorocentrum donghaiense (0.026 ng C grazer -1 d -1
) and Heterocapsa triquetra (0.038) on the same prey under the same conditions, comparable to P. micans (0.041) (Jeong et al. 2005c) , and much lower than that of Gonyaulax polygramma (0.18 ng C grazer -1 d -1
) (Jeong et al. 2005d) . G. aureolum (ESD = 19 μm) is larger than P. donghaiense (ESD = 13.3 μm) and H. triquetra (ESD = 15.0 μm), but much smaller than G. polygramma (ESD = 32.5 μm). Therefore, the highest or maximum ingestion rates of these mixotrophic dinoflagellates including G. aureolum on Teleaulax sp. at 20°C under a 14:10 h light:dark cycle at 20 μE m -2 s -1 is likely to be affected by the size of the predators.
Grazing impact
The calculated grazing coefficient attributable to Gymnodinium aureolum on co-occurring cryptophytes obtained in the present study ranged up to 0.498 d -1 (i.e. up to 39% of the cryptophyte populations were removed by G. aureolum populations in 1 d). The results of the present study suggest that G. aureolum may sometimes have a considerable grazing impact on the populations of co-occurring cryptophytes. In addition, the peak of G. aureolum is likely to follow that of the cryptophytes. However, the presence of alternative P. shiwhaense prey may lower grazing impact by G. aureolum on cooccurring cryptophytes in natural environments because G. aureolum may not have preferences for a particular prey species among the 6 algal prey species used in the present study. Some studies have reported that the peak of other mixotrophic red-tide dinoflagellates such as Karlodinium veneficum and Dinophysis fortii followed that of cryptophytes in natural environments on the basis of daily or weekly monitoring (Koike et al. 2007 , Adolf et al. 2008 , Burkholder et al. 2008 ). In particular, Adolf et al. (2008) suggested that cryptophyte abundance would be a key factor supporting blooms of K. veneficum. To understand the population dynamics of G. aureolum and cryptophytes and their interaction, the daily or at least weekly variations in the abundances of G. aureolum and cryptophytes in natural environments need to be explored. Currently, using the morphology and DNA sequence analyses, we can identify Gymnodinium aureolum and distinguish it from Karenia mikimotoi , Tang et al. 2008 . Thus it is possible to explore the presence and abundance of G. aureolum in many countries. More data on the abundance of G. aureolum and specific prey species are needed to estimate the grazing impact of G. aureolum. 
